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Abstract. A case study to investigate the properties of an increase of their amplitudes till they are breaking. Asso-
inertia-gravity waves in the upper troposphere/lower strato-ciated with the wave breaking and the accompanying depo-
sphere has been carried out over Northern Germany dusition of momentum and energy in the background flow, the
ring the occurrence of an upper tropospheric jet in connec-dynamical and thermal structures above the source region up
tion with a poleward Rossby wave breaking event from 17—to mesospheric heights as well as downward at tropospheric
19 December 1999. The investigations are based on thbeights are essentially influenced. However, the quantitative
evaluation of continuous radar measurements with the OSaspects of the propagation of the waves, their interactions
WIN VHF radar at Kihlungsborn (541N, 11.8 E) and  with the mean winds and other waves as well as their gener-
the 482 MHz UHF wind profiler at Lindenberg (52.}, ation are poorly understood at present. For a review on the
14.7° E). Both radars are separated by about 265 km. Basedurrent knowledge on gravity waves we referRotts and

on wavelet transformations of both data sets, the dominanflexander(2003.

vertical wavelengths of about 2—4 km for fixed times as well ~ Particularly in the lower stratosphere, transport and mix-
as the dominant observed periods of about 11 h and weakeng processes due to inertia-gravity waves (IGW) with fre-
oscillations with periods of 6 h for the altitude range betweenquencies close to the Coriolis frequency are expected to be
5 and 8 km are comparable. Gravity wave parameters hav@nportant, as shown blougonven et al(2003. Here we
been estimated at both locations separately and by a comare focusing on the investigation of these waves which can
plex cross-spectral analysis of the data of both radars. Thee characterized by periods of several hours and horizontal
results show the appearance of dominating inertia-gravitywavelengths of more than hundred kilometers. As reported
waves with characteristic horizontal wavelengths of 300 kmpy Sato et al(1997), Thomas et al(1999, Rottger (2000,
moving in the opposite direction than the mean backgroundnertia-gravity waves are observed in various regions of the
wind and a secondary less pronounced wave with a horizongarth. The gravity waves are connected with a number of
tal wavelength in the order of about 200 km moving with different forcing mechanisms, such as ageostrophic adjust-
the wind. Temporal and spatial differences of the observednent, orographic forcing, frontal activity, deep convection
waves are discussed. or jet instability Pavelin and Whiteway2002. These waves
can alter the mean stratospheric temperature locally with am-
plitudes up to 10 K, which supports for instance at polar lati-
tudes the generation of Polar Stratospheric Clouds during the
winter months as investigated Byrnbrack et al(2002 and

1 Introduction

The upper troposphere and lower stratosphere are characté?—uss_ et al(2004). _ )

ized by the appearance of gravity waves with different scales. A first case study to investigate the appearance of long pe-
Itis widely accepted that jet streams in the tropopause regiofiiod inertia-gravity waves in connection with a jet stream in
itself are one of the main sources for these waves. Due tdhe Upper troposphere during a Rossby wave breaking event
the exponential decrease of the density with the altitude, thd@S been carried out atiiklungsborn from 17-19 Decem-

upward propagation of the gravity waves is associated withP?€" 1999 in the frame of the LEWIZ campaigheters et al.
(2003, hereafter P2003). The results were based on a series

Correspondence toA. Serafimovich of 17 radiosondes released every 3 h supported by VHF radar
(serafimovich@iap-kborn.de) observations at the same location. It has been found that the
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Wind vecors i) 2 Observations during a case study over Northern Ger-
65 many from 17-19 December 1999

The investigations are based on observations made with two
collocated radars, the OSWIN-53.5 MHz-VHF radar located
at Kithlungsborn, and the 482 MHz-wind profiler at Linden-
berg. Details of the radar parameters used are summarized in
Tablel.

The OSWIN VHF radar has been operating at
Kihlungsborn since autumn 1999. The radar system
was designed for continuous measurements and is running
either in the spaced antenna (SA) or in the Doppler Beam
Swinging mode (DBS). The antenna array consists of

Longiude [] 144 four-element Yagis resulting in a transmitting half-

power beam width of @ The beam is steerable in the

Fig. 1. Wind vectors and geopotential height derived from ECMWF vertical direction and towards the North, East, South, and

analyses for the 300 hPa level at 18 December 1999, 12:00 UTWest with an off-zenith angle of°7 For the investigations

Vectors are plotted only for wind speeds larger thami20'L. presented here, we used 1024 point complex time series
sampled with 0.05 s. The radar resolves a height region
from 1 to 18 km. Data are averaged over 30 min for further

source of the dominating inertia-gravity wave with a period investigations.

of about 12 h is placed in the region of the zonal wind jet just  The 482 MHz wind profiler belongs to the Meteorolog-

below the tropopause. ical Observatory Lindenberg of the German Weather Ser-

In extension of P2003, the main objectives of this studyvice (DWD). The wind profiler is a fully coherent Doppler
are to get more insight into the structure of gravity wavesradar system with an additional RASS component to esti-
with shorter periods in the upper troposphere which cannoinate sound virtual temperaturéaurvich et al, 1987). It has
be resolved by 3-hourly radiosondes. These investigationgeen in operation since August 1996 as a prototype system
are done with detailed analyses of the data of two VHF/UHFfor an operational DWD profiler network_¢hmann et a.
radars over Northern Germany afiklungsborn and Linden-  2003. Wind measurements are carried out in the DBS mode
berg, separated by about 265 km, to examine the main chaizsing the vertical and four oblique beam directions with an
acteristics of inertia-gravity waves. Here we will consider off-zenith angle of 1%Hogg et al, 1983. In contrast to the
both radars as “collocated” due to the long horizontal wave-data processing technique used with the OSWIN VHF radar
lengths of the inertia-gravity waves investigated. Further-a statistical method for the incoherent integration of 17 indi-
more, for the estimation of gravity wave parameters differ- vidual spectra has been applied to reduce the noise variance
ent methods such as wavelet transforms, hodograph analyand to suppress intermittent clutter contaminatibreitt,
ses, rotary spectra and the Stokes-parameter technique hayegs).
been tested and applied on the wind data at each radar loca- The results have been obtained during a field campaign
tion, available with a resolution of 30 min. In this way the carried out from 17 to 19 December 1999. The p|anning
influence of pOSSibIe vertical shear in the baCkgrOUnd Wind,of the measuring Campaign was based on forecasts from the
introduced byHines(1989, will be take into account. These German Weather Service.
results are then compared with cross-spectral analyses of the Fig. 1 shows wind vectors larger than 20— and geopo-
data from both radars to identify common wave events andential heights derived from the ECMWF data at 12:00 UT
to discuss temporal and spatial differences of the observe@p 18 December 1999 for the 300 hPa level corresponding to
waves in connection with the findings of P2003. a height of approx. 9 km. The meteorological situation was

The paper is organized as follows. In Sezthe meteo-  connected with a poleward breaking Rossby wave, classified
rological background for inertia-gravity waves events is dis-as a P2 eventReters and Waugh996, and leading to a
cussed and the parameters of the radars are briefly describegtyong eastward directed jet near the tropopause over North-
Then we summarise in Sed.the techniques used for data ern Germany. For a more detailed description of this event
processing and the methods to estimate gravity wave paraniye refer the reader to P2003 antiliéke and Peters (204%
eters applied to the radar measurements at each location sup-|n Fig. 2 height-time cross-sections of the smoothed zonal
plemented by the cross-spectral analyses of collocated rad@jnd meridional wind are presented for both locations. The
measurements. Sectidris devoted to the final estimation of eastward directed zonal wind oveiiiKlungsborn (Fig2a)
inertia-gravity wave characteristics and the discussion of the
results. In Sects, we summarize our main results and give  1zillicke, Ch. and Peters, D.: Inertia-gravity waves driven by a
some concluding remarks. poleward breaking Rossby wave, J. Atmos. Sci., submitted, 2004.
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Table 1. Parameters of the VHF radar OSWIN aifildungsborn and the UHF wind profiler at Lindenberg.

OSWIN VHF radar  UHF wind profiler

Geographical location 5N, 11.8 E 522 N,14.* E
Operating frequency 53.5 MHz 482 MHz
Peak power/duty cycle ~90 kW/5% 16 kW/ 10 %
Transmitting antenna 144 Yagi array Phased array (CoCo)
Antenna aperture (area)  190¢m 140 r?
Half-power beam width 6 3°
Pulse length 4us 3.3us
N of transmitter/receiver 6 1
Code Single pulse 8-bit-Complementary code
Coherent integration 128 30
Vertical resolution 300 m 250 m
Altitude range 1-18 km 2.7-16.0 km
Time resolution ~1 min ~33 sec
Methods DBS, (SA) DBS
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Fig. 2. Mean zonal and meridional winds measured ahkingsborn 4, b) [after Peters et al(2003] and Lindenbergd, d) from 17-19
December 1999. The data are smoothed using a low-pass filter with cut off frequencies corresponding to 4 h in time and 600 m in altitude.

increases until 19 December, 00:00 UT and then decrease&iihlungsborn VHF radar, show the occurrence of the east-
The maximum jet stream reaches values of more tharward and southward directed jets at nearly the same times
50 ms ! at heights between 6 and 10 km. The meridional and altitudes, whereas e.g. the reversal of the meridional
component (Fig2b) shows southward directed winds with winds to northward directed winds on 19 December seems
maxima of more than 20 m$ at 18 December (12:00- to be slightly stronger at Lindenberg. Detailed comparisons
18:00 UT). With the onset of the jet, the winds rotate to east-with the radiosondes (see P2003) and the 6 hourly —- ECMWF
ward directed during the jet maximum and turn back with theanalyses winds (not shown here) result in good qualitative
decreasing jet. agreement but the radar measurements resolve a higher vari-
ability due to the better time resolution. In the next section
The observations with the wind profiler at Linden- we will describe the data analysis techniques to derive wind
berg (Fig. 2c, d) separated by about 265 km from the
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298 A. Serafimovich et al.: Investigation of inertia-gravity waves with collocated radars

perturbations necessary for the estimation of the gravity wavevind perturbations of the gravity waves can be considered as
parameters. amplitude-modulated sine waves, the selection of the Morlet
wavelet seems to be reasonable, because the Morlet wavelet
is nothing else than the plane wave modulated by a Gaussian.
Its representations in timg(z), and Fourier spacé; (w), are

given by

3 Inertia gravity wave parameters estimation

3.1 Data processing to separate wind perturbations
; 2

The calculation of gravity wave parameters is based on windmerlet(t) =7 Higlootemt /2 ©)

perturbations, which have been estimated from the wind 14

measurements after linear interpolations to substitute missGmorlet(s®w) = 7" H (w)e

ing values. In general the perturbations can be described b

variations of amplitudes(x, y, z, t) of the wind components

—(sa)—wo)z/Z’ (4)

%herewo is the nondimensional frequency, later also called
and used as the order of the wavelg{w) is Heaviside step

a(x,y,z,t) = ag - expli(kx +1y + mz — wept)), (1)  function, which is equal to 1 ib>0 andH (w)=0 otherwise,
. o , ands is wavelet scale.
wherea can be perturbations of zonal or meridionalv By the convolution theorem, the wavelet transform

winds, temperaturd” or pressurep’ with a timez. The  w (/" ) was carried out in the Fourier domain and has been

zonal, meridional and vertical wave numbers are denoted bY:aIcuIated by the inverse Fourier transfofm? of the prod-
k,l andm in x-, y-, z-directions, respectively=v—1,and -

wop 1S the wave frequency, observed at a fixed location. With

the Doppler relation W(t,s) = F1(G*(sw) F(w)), (5)
Wob = Win + Ukp, (2) where F(w) is the Fourier transform of the signal, and
G*(sw) is the conjugated Fourier transform of the scaled

wep depends on the intrinsic frequenay,, the horizontal
wave numbertk,=+/k2 + I2 and the mean background hor-
izontal wind component/ given in the same direction as
the horizontal wave numbéy,. Corresponding t@ink and
Vincent (2001), we adopt here the convention of a positive

wavelet.

Wavelet transforms have been applied on time series of
the zonal and meridional winds for constant height ranges as
well as on wind profiles versus height for fixed time intervals.
intrinsic d defi . ical The significance of the results depends on the mother wavelet
Ir:jrr:]t?g rfeoqruvsg\(/:():;)mrgna a(tair;neeienregautlvv(\e/a\grsuca Wave and the sample length, which is reduced at the boundaries of

Norm’ZIIy the pertﬂrbgti?)ns e?re che?éc'?erized Iby a SuperEhe time and height intgrvals, respectively. To minimize such
position of éltmospheric waves with different frequencies Inbgrder effects, we dec@ed o apply the Paul wavelet on the

. . . =7 " wind profiles due to their short record lengths:
order to estimate inertia-gravity wave parameters individual
waves have to be separated or isolated by the application of 2"i"n! L
reasonable band- filteri aulll) = ———— (1= in)” "+ ©

pass filtering methods. To detect the preiP Jr@n)!

sence of a wave in the data and to avoid arbitrary choices
of inappropriate filter parameters a wavelet transform has 2"
been applied Torrence and Compal998 Zink and Vin- ~ Gpauls®) = Jn@n =Dl
cent 2001). This technique is becoming a common tool for
analyzing localized variations due to their possibilities to re-wheren is the order taken to be 4 to make the wavelet “ad-
solve the waves in frequency domain as well as in the timemissible”. This wavelet leads to a better height localiza-
or height. tion of the dominant vertical wavelengths and smaller influ-

The term wavelets refers to a family of small waves gene-ences of the border effects, as showrTbyrence and Compo
rated from a single function, the so-called mother wavelet, by(1998. For the wavelet transforms of time series for constant
a series of dilations and translations. To be called a “wavelet’heights the Morlet wavelet (with the ordero§=6 due to the
a function should be admissible. This means for an inte-admissibility condition) has been applied resulting in a bet-
grable function that its average should be zé&arge 1992. ter frequency localization of the dominant observed periods.
Wavelets are well localized in time and frequency spaces. With the Morlet wavelet the influence of limited data on the

The wavelet transform itself denotes the correlation be-borders are larger in comparison with the Paul wavelet, but
tween the original functior(z, 1), wherea(z, t) represents  there are no problems to extend the time series. Details of
the perturbations (EdL) observed at a fixed location, either the choice of the wavelet function can be foundiorrence
for a constant height or time, and the version of the motherand Compd1998.

Waveletg(%), which is scaled with a facterand translated Because the wavelet functions are mostly complex, the
by a dilationb. The choice of the mother wavelet is an im- wavelet transfornW (¢, s) is also complex, therefore one can
portant point in the wavelet transform. Since the horizontaldefine the wavelet power spectrum |&(z, s)|2. It should

H(w)(sw)"e ™ ?, (7)

Atmos. Chem. Phys., 5, 29810, 2005 www.atmos-chem-phys.org/acp/5/295/
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Fig. 3. Averaged sum of wavelet power spectra of the zonal and meridional winds measuri@dudsbornd, b) and Lindenbergd, d),
in the upper panel (a, c) as Morlet wavelet transforms of the time series averaged over the altitude ranges (a) 5.45-5.75 km or (c) 5.25 — 5.7¢
km; in the lower panel (b, d) as Paul wavelet transforms of the vertical wind profiles averaged with a time, respectively.

be remarked that the wavelet scaleloes not directly cor- trast to the observed dominant wave with a period of 9-14 h,
respond to a Fourier period The relationship between the the shorter waves didn’t show up in the two stations at the
Fourier period and the equivalent wavelet scale can analytsame time. Here we can only speculate that the sources of
ically be derived by substituting a cosine wave of a knownthese 6 h-waves could be connected with frontal activities or
frequency into Eq.%) and calculating at which scakethe deep convection in the boundary layer, as also discussed at
wavelet power spectrum has a maximum. For the Morletthe end of Sect4. Furthermore, we find significant vertical
wavelet with wp=6, this leads to a value 0f=1.03s and  wavelengths in the order of 2—4 km near the tropopause re-
for the Paul wavelet of the order 4 this leads to a value ofgion from the wavelet transforms of vertical wind profiles (b
A=1.39 (Torrence and Compd998. Using Eq. b) one and d) averaged in time from 16:00 UT to 18:00 UT on 17
can calculate the continuous wavelet transform for differentDecember, for Kihlungsborn as well as for Lindenberg.

scaless at all time points simultaneously to estimate effi-  gyajuating this information from the wavelet transforms,
ciently the dependence of dominant periods on the ime.  gjtaple filter parameters can be defined for different time

The results of the wavelet analysis are presented by thé&"d height ranges to identify the waves with distinct peri-
sum of wavelet power spectra of the zonal and meridional®ds- Band-pass filtering has been carried out using the Fast

wind components in Fig® measured at &hlungshorn (a, b) Fourie_r transform _to extract the s_igr_1a|s with dominant fre-
and Lindenberg (c, d). The bold green line outlines the re-duéncies. We divided our analysis in two parts in order to
gion with 95% significance level. The red net covers the arednvestigate both frequency bands with periods of about 12 h
where boundary effects appear. From the wavelet transforn@d about 6 h, respectively. For the study of the waves with
of the wind time series averaged in height from 5.45 km todominant observed periods of about 12 h the filter was con-
5.75 km at Kihlungsborn and from 5.25 km to 5.75 km at Structed (case a) with a bandwidth of 8-18 h in the time and
Lindenberg, shown in the upper panel (a and c) of Big. 2-4.5 I_<m in the helght, Wh_ereas in case (b) a filter Wl_th a
we detect suitable similarities at both locations with signif- Pandwidth of 2-8 h in the time and 2—4.5 km in the height
icant periods between 4-7 h and 9-14 h including a domi-nas been applied to study waves with periods of about 6 h.

nant observed period of about 12 h and a less pronounced In the first case (a), the resulting perturbations of the zonal
period of about 6 h on 17 December. We note, that in con-and meridional winds at #hlungsborn and at Lindenberg are

www.atmos-chem-phys.org/acp/5/295/ Atmos. Chem. Phys., 532952005
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Fig. 4. Zonal(a,c) and meridiona(b,d) wind perturbations at Ehlungsborrn(a,b) and Lindenberdc,d) for 17 December 1999 after band
pass filtering with bandwidths of 8-18 h in time and 2—4.5 km in height.

shown in Fig.4. From Eg. () for a fixed location, y, the The observed downward phase propagations for both
dashed lines indicate possible lines of constant phases of theaves indicate upward energy propagations, if both fre-
dominant wind perturbations quenciesw,;, and w;,, connected by the Doppler relation

_ (Eqg. 2), have the same signs. However, as shown later in
iz = Wob = EONSL ® Sect.3.2.1and3.2.2 in agreement with previous investiga-
indicating preferred downward phase propagations with thejons in P2003, the hodograph and rotary spectra analyses for
clearest signatures in the perturbations of the zonal windsthe waves with observed periods-e12 h lead to downward
The vertical and temporal distances between the phase linesnergy propagation, which is possible if the Doppler-shift is
correspond to vertical wavelengths-e8.3 km and observed strong enough to turn the phase lines.
main periods of-12 h, respectively. The evaluation of the phase propagation derived for each
In the secondary case (b) to investigate those waves Withyind component to estimate gravity wave characteristics is
periOdS Of about 6 h, the reSUItS after the f||ter application Onon|y possible if there exist only one dominant wave in a con-
the zonal and meridional winds measured &@hKingsborn  stant mean background wind. The analyses of all gravity
and Lindenberg are shown in Fi§.leading to downward  \ave parameters as shown in the next section are based on

phase propagating perturbations with observed periods ofhe use of zonal as well as meridional winds derived from
about 6 h and vertical wavelengths of about 3 km. both filtered data sets.

The results confirm over an extended height-time-range
the main findings from wavelet analyses applied to both wind3,2 Rotary spectra, hodograph- and Stokes analyses
components for selected time/height ranges at both locations,
shown in Fig.3. This is not obvious in every case, since the For extracting IGW parameters three methods have com-
wind perturbations shown in Figd.and5 are characterized monly been used. Each method has its own advantages and
by superpositions of atmospheric waves with different fre- disadvantages. The first one is the rotary spectrum, which
quencies in the selected frequency band and their height/timevas first applied to atmospheric IGWs Bijilompson(1978.
dependence. The presented wave signatures indFgge  The calculation of the rotary spectrum allows directly to es-
much more clear than in Fi§.as expected after the wavelet timate the vertical direction of energy propagation. The sec-
analysis with the stronger amplitudes at periods of aboutbnd method, the hodograph analysis, is a standard tool in
12 h. meteorology, described bys{ll, 1982 in connection with
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Fig. 5. Zonal(a,c) and meridional(b,d) wind perturbations at Khlungsborn(a,b) and Lindenberdc,d) for 17 December 1999 after band
pass filtering with bandwidths of 2-8 h in time and 2—4.5 km in height.

a rotating fluid and applied first to IGWs lyot and Barat  clockwise) rotating waves are associated with negative (pos-
(1986. The hodograph technique gives wave description initive) frequencies in the rotary power spectrum.

more detail. But this method is only a snapshot and applica-

ble for monochromatic waves. In additiovincent and Fritts . ) )

(1987 presented a Stokes-parameter method which results 1 N€ SPectraF (UV (z)) of the wind perturbations filtered

in a set of gravity wave parameters comparable to the hodoWith @ bandwidth of 8-18h in time and 2-4.5 km in height
graph analysis, but with the possibility to average over time@'€ Presented in Figs. They show in their negative parts

and desired wavenumbers bands, partially polarized wavelhe weaker clockwise rotational power corresponding in the
can be described. northern hemisphere to an upward energy propagation and

All methods listed above were applied to estimate IGWmO\t,C:r"CF;?rSelgvif;ﬁS :22E‘gﬁ:};ﬁﬁntggs&au(gg’zi:gz?ggrﬁ_
parameters for both radar measurements carried out & P 9 9

Kuhlungsborn and Lindenberg during this case study and ar% rgy propagation, resfef:tﬁ\ﬁly'f. T dh_ese _re;uzl(t)sbgt bgﬂ;. Ioceg
discussed in the next subsections. ions are in agreement with the findings in and Figs.

and 10 therein, where they have shown, that the main source
of these waves is the placed in the region of the zonal wind
jet just below the tropopause. The spectra maximum occur at

) . _ vertical wavelengths of about 3.3 km. Unfortunately the re-
The rotary spectrum technique quantifies how energy isgyicted stratospheric altitude range from the UHF wind pro-

partitioned between upward- and downward-propagatingjier gata does not permit a significant estimation of rotary
inertia-gravity waves. The rotary spectrum is calculatedSpectra above the tropopause.

by the Fourier transform of the complex velocity vector

u'(z)+iv'(z) and leads to an asymmetrical function. Fol-

lowing Guest et al(2000, this method allows to detect the In contrast to these results, the rotary spectra of the wind
rotation direction of the horizontal wind perturbations with variations filtered with a bandwidth of 2—8 h in the time and
height using the difference of the negative and positive part2—4.5 km in the heights (Fig) show a dominating upward

of the spectrum which indicates the presence of an inertiaenergy propagation. We will discuss these results in context
gravity wave in the measurements. The clockwise (counterwith the estimated wave numbers at the end of Skct.

3.2.1 Rotary spectra

www.atmos-chem-phys.org/acp/5/295/ Atmos. Chem. Phys., 532952005
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3.2.2 Hodograph analysis The hodograph analysis applied to the wind perturba-

_ o tions of 17 December 1999 to investigate the gravity waves
The idea of hodograph analysis is to trace the course ofyith the observed periods of about 12 h and therefore fil-

the deviation of the horizontal wind vector with respect to tered with a bandwidth of 818 h in time and 2—4.5 km in
height. If enough points are taken to span one WaVQ'engﬂheight (F|g8), shows a downward energy propagation in
of an inertia-gravity wave, then an ellipse can be fitted. Forthe troposphere from the anticlockwise rotational sense at
inertia-gravity waves, linear theory without any wind shear K jhlungsborn and Lindenberg. We derived vertical wave-
effects Gill, 1982 predicts lengths of about 3 km and intrinsic periods in the order of
7 ~7 and~12 h from the ratios of the major to the minor axis
V(@) =—i-u'(z) - —, (9)  of the fitted ellipses at both locations, respectively. The dif-
@in ferences between the hodographs faihKingsborn and Lin-
whereu’ andv’ are the zonal and meridional components of denberg can be caused by the spatial dependence of the wave
the horizontal perturbation wind profileg, is the Coriolis  characteristics. The variability of the background winds, oro-
frequency andy, is the intrinsic frequency of the wave. graphical influences or possible interactions with other waves
By the application of the hodograph one can extract thecan lead to the wave changes with propagation from station
following parameters: the vertical sense of inertia-gravity to station.
wave propagation from the rotational sense; the direction of Using the wind perturbations filtered with a bandwidth
the horizontal wave propagation that is parallel to the majorof 2—8 h in the time and 2—4.5 km in the heights to inves-
axis of the ellipse and, following Eq9), the intrinsic fre-  tigate the waves with observed periods of about 6 h, the
quency,win, from the ratio of the major to the minor axis of hodographs presented in Fig.show intrinsic frequencies
the ellipse. We have to note, that the horizontal wave prop-with corresponding periods between 6 and 8 h and upward
agation is uncertain by 18@vithout additional temperature energy propagations at both locations in agreement with the
information or vertical wind from radars. rotary spectra in Fig7. To demonstrate the stability of the
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Fig. 8. Results of hodograph analyses for the wind perturbations after band pass filtering with bandwidths of 8-18 h in time and 2—4.5 km
in height (solid line — measured profiles, dashed line — fitted ell}dse starting point of the hodograph), applied to radar measurements at
Kiihlungsborr(a) and Lindenbergb).
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Fig. 9. Results of the hodograph analysis applied on the wind perturbations after band pass filtering with bandwidths of 2-8 h in time
and 2-4.5 km in height (solid line — measured profiles, dashed line — fitted ellipsestarting point of the hodograph), applied to radar
measurements atiilungsborna) and Lindenberdb). In (b), the hodograph has been extended from 4.25-7.7 km (red dashed line) and
from 11.0-14.25 km (blue dashed line).

wave propagation over a larger height range we have added.2.3 Stokes-parameter spectra
in the right part (b) of the hodograph in Fi§.the wind
perturbations from 4.25-7.7 km and from 11.0-14.25 km,The hodograph method is an accurate technique when a
showing the same vertical sense corresponding to upwarghrge-amplitude monochromatic wave is present in a region
directed energy propagation with increasing amplitudes abf minimal background wind shear. However, hodographs
larger heights. are usually irregular and variable requiring some sorting and
However, the hodograph method represents an instantecslassification of large number of profiles to yield a statistical
neous status and the estimation of gravity wave parameter ipicture of the wave fieldHall et al, 1995. To receive a more
only valid for monochromatic waves. Usually a hodograph statistical description of the gravity wave field the Stokes-
gives variable results due to the superposition of differentparameter spectr&¢kermann and Vincent 989 can be ap-
waves in the wind profiles. One possibility to determine pa- plied, which is in principle a spectral analogue of the Stokes-
rameters of IGWs for a given wave number band averaged irparameter analysid/{ncent and Fritts1987. This method
time and height will be shown in the next section. arises from the analogy between partially polarized gravity
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waves and partially polarized electromagnetic wavaays §=9(° or §=27C indicates circular polarization” = 0),
1966. To decompose the generally polychromatic waveand anything in between indicates elliptical polarization.
field, the Stokes parameters are calculated in the Fourier doFhese parameters correspond to the hodographs in form of
main Eckermann and Vincent989. A Fourier transform  a line, circle or ellipse, respectively. The degree of polar-
U (m) andV (m) of the given vertical profiles’(z) andv’(z) ization d quantifies the contribution of the coherent wave
over their full height ranges yields the following Fourier rep- motion to the total velocity variance and varies from 0 to
resentations of the profiles: 1. The most attractive feature of these parameters is that any
partially polarized wave motion can be described completely
and uniquely in terms of its Stokes parameters due to the av-
eraging in time and wavenumber bands.

The Stokes parameters calculated for the data from 17
December 1999 are presented in TaBléor both filtered
datasets to investigate the gravity waves with periods at about
12 h and 6 h. As already mentioned in S&R.2 the hor-
izontal wave propagation determined by the major axis ori-
entation® is uncertain by 180vithout additional tempera-
ture information or vertical wind from radars. Comparing

U(m) = Ug(m) + iUy (m) (10)

V(m) = Vr(m) +iVi(m), 11)

wherem is the vertical wave numbet/r, Vy are real parts

of the spectra and/;, V; are imaginary parts of the spec-
tra. From hereEckermann and Vincer{t989 derived the
following power spectral densities for the four Stokes param-
eters, based on the definitions:

I =A [Uj%’(m) + U2(m) + VE(m) + Vlz(m)] (12)  the mean results derived for intervals of 5 h, we obtained at
5 5 5 5 both locations similar parameters as e.g. the wave propaga-
D=A [UR(’”) +Upm) = Vi(m) = V; (m)] (13)  tion directions represented Iy, ,.,. Note that the aver-

. aging times have been selected on the base of the times of
p=24 [UR (m)Vr(m) + Ur(m) Vi (m)] (14 maxima of the total variances described by the Stokes pa-
—24|T Vv T Vv . 15 rameter!, which characterize the mean kinetic energy for

Q [ R(m)V; (m) 1(m) R(m)] (15) the investigated interval and vertical wave number band.

Overbars denote time averages ahis a constant. The pa- In Sect.4 the values obtained are used for the final estima-
rameterP is the “in-phase” covariance associated with linear tion of gravity wave characteristics at each radar location. To
polarization, andQ is the “in quadrature” covariance asso- identify common wave events over a distance~@65 km,
ciated with circular wave polarization, whifeclearly quanti- ~ We Wwill at first apply a simple cross-spectral analysis of the
fies the total variance and defines its axial anisotropy. Con- data of both radars.

sequently, any Stokes paramefé={Il, D, P, Q} can now

be evaluated over the full range of heights within any wave
number band.

m2
Xml,mz = /
my

Then the phase differendebetween zonal and meridional
wind perturbations, the major axis orientati®nthe averag-
ed ellipse axial ratiak and the degred of the wave polar-
ization are given by

3.3 Cross-spectral analysis

The cross-spectral analysis applied on the measurements of
both radars can be used to identify common wave events and
to investigate the characteristics of their horizontal propaga-
tion (e.g. wavelength or phase velocity) using the phase dif-
ferences in the wind fluctuations between radars, provided
that the wavelength can be resolved by the distance between
both stations. After the detection of the appearance of do-
minating waves in both data sets with wavelet transform as

X (m)dm. (16)

Sy = arctan( le,mz) 17) shown in Fig.3 the cross spectrum (E82) can be calculated
my,my < U1(0)Uj(w) >
1 Porymy Svsu, (@) = 21( L —. (22)
Omymy, = Earctan<D—> (18) < |Ui1(w)|* >2< |Uz(w)|* >2
meme whereU; andU> are Fourier transforms of zonal wind time
\/Dfu,mz + Pnzu,mz + Q;%ll,mz series measured by radar 1 and radawZds an indepen-
dmymy = Ly (19) dent variable ir_1 the_frequency dor_nain, and brackets denote
R ) (20) the averaging in height range defined later. The magnitude
oz ’ of Sy,u, is a coherence function, which varies from 0 to 1.
where This gives a measure of the correlation between signals from
1 _ Oy both stations in a given spectral bin. Note that the ensem-
&= —arcsm(—’) . (21)  ble averaging in height denoted by the brackets means that
2 dml,mZ'[ml,mz

the cross spectrum is smoothed, because if no smoothing is

The phase differencedescribes the elipticity of the wave:
8=0° or §=180C indicates linear polarizationd = 0),

Atmos. Chem. Phys., 5, 29810, 2005

carried out, the coherence, regardless of the nature of the pro-
cesses, is equal to one. The phase valyef corresponding
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Table 2. Stokes parameters derived from radar measurements at 17 December 198liorgsborn KB1, KB2) and for Lindenberg
(LB1, LB2).

KB1 LB1 KB2 LB2
Kihlungsborn Lindenberg hlungsborn Lindenberg
Filter band (time; height) 8-18 h; 2—4.5 km 2-8 h; 2-4.5 km
Averaged time 00:00-05:00 UT  10:00-15:00 UT 00:00-05:00 UT 07:00-12:00 UT
Stokes parameters
Degree of polarizationd;,, m, 0.88 079 055 062
Major axis orientation®,, m, 50.5° 58.6° 77.8 88.1°
Phase difference;;  m, 67.5 63.4 79.9 93.¢
Ellipse axial ratio,R;,,m, 0.66 058 066 040

cross-spectrum maximum gives the time deldetween the
appearance of the wave maxima at both locations

horizontal
wave vector k,

A ~ 360° Ag
_71,20 23
T~Ty T %360 (23)

whereT,;, is the observed wave period. Here particular
attention must be directed to avoid changes of the phases dugRadar 1
to the application of any filtering procedures. By, 20

Usually to investigate the spatial characteristics of a wave

one need at least three points forming a triangle. Such a Radar 2, \\\

method to analyse gravity waves moving across an array of 02 ¥2, 22y
surface-based meteorological atmospheric pressure sensors Vo
has been described Byappo(2002. We applied here the ‘\ ‘\ ‘\

cross-spectral analysis only for a pair of the radars, how- e

ever using additional information for the wave propagation

directione in relation to the connecting line between radar 1 Fig. 10. Block-scheme of IGW propagation.

and radar 2 (FiglQ). Following the ideas oNappo(2002),

we consider a wave perturbation of some varialdlg,ob- ) ) i

served at each station. If we imagine a wave with constang_he left-hand side of ,th? 592@ can be written in vector
amplitude and horizontal wave vectdy, observed at both [0r™M as a scalar multiplication of the vectats-S or as a
stations (solid and dashed blue lines on the block—schemefqumpl'catlon of the vector absolute values with @0s

then the crests or any other_ phase point of the wave observe|(j€h||s| COSa = wopT — m (22 — 21), (27)

atradar 141, y1, z1) at the timer and at radar 2x, y2, z2)

at the timer+7 (Fig. 10) correspond to where S is the distance vector between both radars and
a is the angle betweesS and the horizontal wave propa-

Wy (kx1 +1ly1 +mz1 — wept) = (24) gation vectork; determined by the propagation direction

Wo (kx2 + ly2 + mzp — wep(t + 7)), ©®. Substitutingwen=27/Ton, the horizontal and vertical

wave numbers; andm by their wavelengthd.,=2r/k;,
wherek, I/, andm are the wave numbers in the, y-, and  andL,=2r/m in Eq. (26) we can write
z-directions, respectively. It is assumed that the wave does
not change its main characteristics propagating from radartq , — )
radar, therefore we can write t/Tob — (22 — 21)/ L

|S| cosa

(28)

Finally, using the distance between both rad&tsand the
time delayr between gravity wave events, the ground-based
k x4+ lyz +mza — wep(t + 7), horizontal phase velocibygﬁ of the wave propagation can be
estimated by

k x1+1y1+mz1 — wept = (25)

which reduces to
uob |S| cosa _ @Wob
k(x2 — x1) +1(y2 — y1) = @opT — m(z2 — z2). (26) Ph (22— z0)Tob/L. kn

(29)
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Fig. 11. Cross-power spectrum between radar measurementsitdtikgsborn and Lindenberg for the time from 17 December 1999,
00:00 UT to 18 December 1999, 00:00 UT, averaged over the height range from 5.25 km to 7.75 km. Left part: Amplitude (black) and
phase difference (red). Right part: Coherency spectra.

The cross-correlation spectrum of the zonal winds mea- We started at first with a time delay of 10.1 h (case A) with
sured at Kihlungsborn and Lindenberg, presented in the leftthe assumption that the wave is moving in the same direction
part of Fig. 11, has been averaged over the altitude rangeas the jet-maximum at about 9 km, which differs from the
between 5.25 and 7.75 km. The amplitude of the cross speczonal direction (case B) by only’6 In both examples, the
trum shows a dominating common wave with an observedestimated horizontal wavelengths of abet$34 km (case
period of about 11.4 h which is in good agreement with theA) or —557 km (case B) for a height shift of about 2 km
dominating period estimated by the wavelet transforms of theare in same order with the horizontal wavelength in the zonal
time series at both locations as shown in Bg, c. The sig-  direction estimated in P2003.
nificance of this wave is proved by the coherency spectrum Further a time delay of1.3 h was used. In case (C), we
shown in the right part of Figll. Due to the slopes of the have used the major axis orientation of the wave direction
phase lines in Figd4 and the downward energy propagation ®~54° estimated by the Stokes-parameter analysis applied
with a vertical wavelength of about 3.3 km shown by the ro- for the dominating waves with periods of about 12 h and
tary spectra (Fig6) and hodograph analyses (F8), the ob-  filtered with bandwidths between 8 and 18 h (see Tahle
served period of 11.4 h is negative (B). The phase differ- Note that in this case the directions of the wave propagation
ence (red line in Figll) of about+40° or +32C° between  at both locations differ by only“8so that there are no ambi-
the maxima of this wave at both locations corresponds to arguities to estimate and to apply the cross-spectral analysis.
amount of a time delay of about 1.3 h or 10.1 h, respec- This time delay with a mean vertical phase velocity of about
tively, where the sign depends on the sign of the observed.10 ms! leads to a realistic height shift in the order of about
frequency itself. —500 m. Using these values we obtained a horizontal wave-
length of about-300 km and an observed horizontal phase
speed of 7.3 ms'(case C). We will discuss these results in
the next Sect4 together with the results separately estimated
at each radar location. To check the sensibility on the final
results, we have added in case (C) a 10% change to the re-
alistic height shift, leading to variations of about 10% in the
horizontal wavelength, and of about 5% in the observed hor-
izontal phase speed, respectively.

To check the reliability of this method, we have applied
Egs. @8) and @9) using the radar coordinates and the ob-
served period 2/wop Of —11.4 h. With the detected time
delay of—1.3 h and +10.1 h, we found consistent values for
the horizontal wave numbekg and ground based horizon-
tal phase velocities)"ﬁ directly estimated from the cross-
spectral analysis. In Tabl@ the results are shown derived
with different assumed wave directiofisor the correspond-
ing anglex. Based on mean vertical phase velocities with
an amount of about 0.06—0.10 mswe have added different 4 Gravity wave characteristics and discussion
height shiftsco—z1 in order to study the variability of the de-
rived wave parameter. We define here and in the followingTo estimate the gravity waves characteristics such as intrin-
that a wavelength will be negative if the corresponding wavesic frequencywin, and horizontal wavenumbey,, the phase
numberk or m are negative. and group velocities for each radar location separately, the
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Table 3. Horizontal wavelengths and ground-based phase speeds as derived from the cross-spectral analysis in dependence on the wav
direction and the vertical height shift for an observed periodZ,, of —11.4 h and a distandé&| between both radars of 265 km.

Case Timedelay Major axis orientation  Angle betwégrandS Vertical shift Horizontal wavelength  Observed horizontal phase speed
., h 0, «°(Fig. 10) Az, km 27/k, km &E ms1

(A) 10.1 -6 48 0 —-200 49
-1.0 —304 7.4
-2.0 -634 154

(B) 10.1 0 54 0 -176 43
-1.0 —267 6.5
-2.0 —557 13.6

(@) -1.3 54 108 0 —-714 17.4

—0.5(-0.45-0.55) —307 (-325:-290) 7.3(7.8;6.9)

-1.0 -195 4.8

following three relations will be used. The polarization rela-  The intrinsic horizontal and vertical phase velocities are
tion is given by

Win  Win
- = : 34)
kn oV (Uph’ UDZ) < ) (
R— i _ h- a9V (30) k' m
@in Mo 92 The intrinsic horizontal and vertical components of the group
whereR is the averaged axial ellipse ratio, anés the alti-  Velocity are given by
tude. In contrast to Eq9] here the vertical wind shear effect Yo N2k Foav
in the background wind, as introduced bines (1989, is  cgn = 8km =— h2 - (35)
included by the terrd:, whereV' denotes the mean horizon- hoo @It @infit 0
tal wind component perpendicular to the wave propagation. dwin Nzk,f fkp 8V
This is important if the wave vector is nearly perpendicular tocgz = — = = ——— 3+ —— 5 -~ (36)
. . ; . ) RO m winm winm#¢ 0z
the up-stream direction. The dispersion relationship is given
by The ground-based horizontal group velocity relative to ob-
- server is then given b
2 2, Nki  2fky 9V 3 J Y
wn=f"+— e (31) b dwob _
m m Z Cgh:_ :Cgh—|-U. (37)
whereN is the angular Brunt-¥isala frequency. Finally, the dkp
Doppler relation is given by Eq2). The observed frequeneys, and the vertical wave number
For a given location, the Coriolis frequency has been cal-can be derived e.g. by wavelet transforms or spectral analyses
culated by of the wind measurements.
f=2.7292.10"5s1 . sing, (32) We have used two ways to solve Eg30), (31) and @).

. . . o If the ellipse ratioR andwgp are given then the intrinsic fre-
where ¢ is geographical latitude. The Brunti&la fre-  quencywiy, the horizontal wavenumbdy, and the vertical
quencyN (z) can be estimated from radiosonde tempera"“re’vvavenumbem can be estimated by solving the polarization

soundings, but here we are usmlg mean values@Ds'  rejation Eq. 80), the dispersion relation Eq3{) and the
for the troposphere and of@1 s~ for the stratosphere, re-  poppler relation Eq.4). In the second way, the ellipse ratio
spectively. R and the vertical wavenumber are given by the evalua-

The mean background horizontal wind compongnin o of the spectra with respect to height. Then the E8@). (

the direction of the wave propagation and the horizontal windgnq B1) have to be solved to estimate the intrinsic frequency
component/ perpendicular to the wave propagation are es- win and the horizontal wavenumbiy.

timated by To investigate the gravity waves with observed periods of
U = U, cos® + V, sin® about 12 h, we follow the first way to solve the EqSQj,
V = —U, sin® + v, coso, (33) (31) and @) using the Stokes parameter shown in the left part

of Table2 and the mean windg, V estimated with Eq.33)
where U, and V, are the observed zonal and meridional from the dominating jet stream at the height of about 9 km
winds, and® is the direction of the wave propagation cal- (see e.g. Fig2). To resolve the ambiguities in the polariza-
culated with Stokes-parameter analysis. Finally the verticaltion relation Eq. 80) and in the quadratic dispersion rela-
wind shear terndV /3z has been estimated. tion Eq. 31) and to determine the signs of the wave numbers
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Table 4. Gravity waves parameters at about 9 kiB(, LB1) and 6 km KB2, LB2) derived from the results of the Stokes-parameter
analysis as shown in Tab&for the radar measurements attidungsbonKB1, KB2) and Lindenbergl(B1, LB2).

KB1 LB1 KB2 LB2
Kihlungsborn  Lindenberg ihlungsborn  Lindenberg
Filter band (time; height) 8-18 h; 2—4.5 km 2-8 h; 2—-4.5 km
IGW parameters

Mean horizontal windl/, ms™1 17 18 2.9 -1.3
(in the wave propagation direction)
Wind shear componendV /dz, s~* 28x10°3  —05x103 —1.7x103  14x10°3
Observed period,2/w,p, h -11.4 -11.4 6.4 6.4
Intrinsic period, Z /w;,, h 7.7 8.3 8.3 6.0
Horizontal wavelength,2/ kj,, km —281 —-313 225 158
Vertical wavelength, 2/m, km 3.3 3.6 -3.2 -3.2
Horizontal phase velocitypn, ms™t -10.1 -10.3 7.5 7.3
Vertical phase velocity,pz, ms-1 0.11 0.12 -0.1 -0.15
Horizontal group velocityegp, ms 1 —6.6 -7.3 5.6 6.2
Vertical group velocitycgz, ms-1 —0.08 —0.08 0.08 0.12

we used in addition the slopes of the constant phase linealistic height shift of—500 m corresponding to a mean ver-
Eqg. @) in the wind perturbations (Figh) in comparison with  tical phase velocityy, of about 0.1 ms? for the time delay
the downward energy propagation as estimated by the rotargf —1.3 h.

spectra (Figb).

The derived gravity wave characteristics are given in Ta- We have to note for the case investigated here, that the
ble 4, resulting in consistent parameters at both locations likeestimations of the horizontal wavelengths depend primarily
the horizontal wavelengths as well as the group and phase vén changes in the component of the mean background wind
locities. The dispersion relation leads here to vertical wave-Parallel to the wave direction as used in the Doppler relation
lengths between 3.3 and 3.6 km, which are in the order ofEd- (@), whereas the influence of the vertical wind shears ef-
the results of the wavelet analyses (see B)gpr the rotary ~ fects used in Eqs30) and @1) leads to changes in the intrin-

spectra (Fig6). Note, that the relation sic period of 1.6 h and in the horizontal wavelength of about
o » 40 km.

vph= ===~ T (38) | | |
ki, kp For the waves with observed periods of about 6 h the sign

between the intrinsic and the ground-based horizontal phasgf @ob Must be positive due to the slopes of the phase lines
speed is only fulfilled if the intrinsic phase speegh and 1N Fig. 5 and the upward energy propagation (FIy.(see
hence the horizontal wavenumbgrare negative. Eg.8). In this case we found self-contained solutions apply-
Then the intrinsic phase velocitieg, estimated from ing the second way based on a given ellipse ratiand the
: . op_ 1 vertical wavenumbein, estimated by the evaluation of the
the cross sp_ectral analy3|s4p§_—7.3_ ms -, see Table and pectra with respect to height and using the Stokes-parameter
case C therein) for the wave direction against the backgroun&

wind U and using the mean winds at both locations (Taple shgwnllnlthedrlgihtt?]art oft_Tath_é. Thfe tflo"!“fﬁ O.f Equ.:{O)
parallel to the wave direction and @1) leads to the estimation of the intrinsic frequency

win and the horizontal wavenumbky for a height of about
Uph, = U&? -U (39) 6 km as in Tabled. Note that in this case the sign of the

wavenumbelk; must be positive to fulfill Eq.38). There-
yields values of-9.5 ms! and—10.5 ms™%, which agree  fore we conclude that these less pronounced waves with hor-
very well with the resultsupy separately estimated for izontal wavelengths in the order of about 200 km are moving
Kiihlungsborn £10.1 ms™1) and Lindenberg-410.3 ms 1, with the wind. Due to their upward directed energy propaga-
see Tablel), respectively. tion (Fig.7) we can only speculate that a possible source for

Thus, the results estimated for each radar location andhese waves could be connected with frontal activity or deep

leading to negative wave numbets and horizontal wave-  convection in the boundary layer. This also could be the rea-
lengths of about 300 km confirm the results derived directly son why these waves didn’t show up in the two stations at the
from the cross-spectral analysis, using the mean wave direcsame time, as already shown by the wavelet analyseS8&:ig
tions estimated from the Stokes-parameter analysis and a re&).
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We can summarize, that we found two wave classes withof about 200 km moving with the wind has been found using
different energy propagation directions during this case studythe Stokes analysis and solving the dispersion and polariza-
at both radar sites. Both wave classes show downward phad@n relation.
propagations. Connected with a jet stream in the upper tropo- The independent analyses of the radar measurements at
sphere and due to the shift in the frequency by the Dopplerboth locations lead to consistent results. The cross-spectral
effect, the dominating wave with an observed perddl..4 h  analysis between the data of both radars have been used to
shows a downward energy propagation in the troposphereprove the coherence of a common wave event over the dis-
The analysis also shows that the direction of the wave proptance of about 265 km taking into account its vertical prop-
agation is upstream, and the intrinsic period-8 h. Hori-  agation and to estimate directly the horizontal wavelengths
zontal wave numbers for this wave are negative and verticabf —300 km for wave moving against the jet stream as well
wave numbers are positive at both locations with correspondas the corresponding phase velocities, which are in a good
ing wavelengths between281 and—313 km as well as be- agreement with the results estimated separately at each lo-
tween 3.3 and 3.5 km, respectively, and are in the same ordegation. In contrast to the way to solve the EqR0)( (31)
as the results derived directly from the cross-spectral analysiand @) as described in Sedt, this very simple method uses
(see Sect3.3and case C in Tabl8). only the geometry, the phase differences of coherent waves

Additionally to this wave class, we detected another oneat both locations and the mean direction of the wave propa-
with shorter horizontal wavelengths and a smaller observedjation vector which should not differ significantly between
period of 6.4 h, which has an upward directed energy propathe two radar stations. To avoid this latter condition and to
gation. The horizontal and vertical wavelengths of this waveget more statistical reliability, data from more radar stations
are~200 km and—3.2 km, respectively. should be used. The DWD-UHF wind profiler at Ziegen-

dorf (Lehmann et a).2003, in operation since January 2004
and forming a triangle with Lindenberg andiklungsborn
5 Conclusions over Northern Germany, improve investigations of the spa-
tial gravity wave characteristics in future. Further investiga-
In the frame of a case study to investigate the properties ofions will be directed at comparing the obtained results with
inertia-gravity waves over Northern Germany in connectionthe output of the mesoscale MM5 model, applied for the de-
with a jet stream in the upper troposphere during a Rossbycription of the dynamics for the selected events, and orga-
wave breaking event (see P2003) we used continuous radaiized for neighboring locations with a sufficient resolution in
measurements with the OSWIN VHF radar atifungsborn  time and height.
and the UHF Wind Profiler at Lindenberg. Both sites are
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dence of the wave packages, to identify comparable inertiaradar at Kihlungsborn. Helpful discussions with Ciiltke and
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